A B S T R A C T This study investigated the role of the mast cell in the pulmonary arterial pressor response to hypoxia. We found that pulmonary arteries 50-500 iA in diameter have a predictable distribution of perivascular mast cells; that such pulmonary mast cells are degranulated in vivo during alveolar hypoxia; that hypoxia releases histamine from mast cells isolated from the peritoneal cavity without apparent injury to the cells; and that histamine is released from the lung of intact guinea pigs during alveolar hypoxia, with the rise in pulmonary vascular resistance during this period proportional to the amount of histamine released. These data point to the perivascular pulmonary mast cell in the rat and guinea pig as an important structure in the mediation of the pulmonary pressor response to hypoxia, even though the responsible humoral vasoconstrictor released from such a cell may not be histamine, or histamine alone.
INTRODUCTION
The long-standing search for the mechanism whereby hypoxia elicits pulmonary vasoconstriction has recently focused on local events at the site of the small pulmonary resistance vessel and its smooth muscle cell (1) .
Some of the mechanisms put forth have included: (a) depolarization of the muscle membrane (2) , and (b) release of active humoral agents from surrounding tissue (3) . With respect to the latter, many agents, such as catecholamines, serotonin, prostaglandins, and, in particular, histamine, have been considered (4) . Recent evidence has shown that depletion of histamine, or the use of antihistamines, will diminish or abolish the pulmonary response to hypoxia (5, 6) . The drawback to these studies, however, is that the antagonists or depleters used may be nonspecific blockers of pulmonary vasoconstriction or may even be vasodilators.
The present study tests the hypothesis of locally released humoral agents through an appraisal of the role of the most obvious source of such agents, i.e., the mast cell (7) . This form of investigation avoids the use of nonspecific pharmacological agents which modify the response to hypoxia and examines a different step in what may be a sequence of events leading to pulmonary vasoconstriction. The techniques involved: (a) a histological study of the distribution of mast cells around pulmonary blood vessels and the effect of hypoxia on the degree of degranulation; (b) the direct measurement of humoral release from mast cells harvested from the peritoneal cavity; and (c) an appraisal of the effect of hypoxia on the release of isotopically labeled histamine from the lungs of intact animals.
METHODS
Distribution of pulmonary mast cells and effect of hypoxia on degranulation. A double blind counting technique was used to determine the arrangement and degree of degranulation of pulmonary perivascular mast cells in rats made hypoxic by breathing an artificial gas mixture.
In each experiment two Wistar rats were used, each in a separate isolation cage ventilated from a tank of air. After 30 min the ventilating mixture of one cage was switched to an average of 12.5% 02, balance N2, with flow and noise levels remaining constant. Although the onset of the pressor response to acute alveolar hypoxia is fairly rapid, the use of such moderate degrees of hypoxia suggested the use of a longer period of exposure that small animals be used to minimize the labeled histidine precursor. The guinea pig was chosen because it can maintain more stable levels of blood pressure and cardiac output, even after blood loss, than can the rat of equal size. In order to obtain rigorous hemodynamic studies of cardiac output and histamine release from animals having small blood volumes, two separate groups of animal were required. The first group was used to measure pulmonary arterial, left ventricular, and aortic pressures and arteriovenous 02 concentration differences (C(a-v)O2) as an index of cardiac output, in order to assess the effect of alveolar hypoxia on pulmonary vascular resistance in the species. The second group was used to correlate the changes in pulmonary vascular resistance with the release of histamine during alveolar hypoxia.
For the first group, guinea pigs weighing 300-400 g were anesthetized witlh sodium pentobarbital (60 mg/kg intraperitoneally), and ventilated by a positive pressure respirator through a tracheostomy. A polyethylene tube (PE 60) was threaded from the left carotid artery into either the left ventricle or the aorta. The chest was opened and a polyethylene tube (PE 90) introduced into the right ventricle and advanced into the pulmonary artery. Pressures were measured by Statham strain gauges (model P23, Statham Instruments, Inc., Oxnard, Calif.) and a Grass polygraph (Grass Instrument Co., Quincy, Mtass.). After a steady state of blood pressure and arteriovenous 02 differences in room air was achieved, the animals were exposed to 8-min periods of breathing 9%o 02, balance N2, delivered by the piston respirator. Pulmonary arterial and aortic or ventricular pressures were measured continuously except for the last minutes of this period when blood was again sampled.
The C(a-v)02 was calculated by measuring Po2 and pH by the Clark microelectrode described above. Control values for P02 in mm Hg and pH were 85±7 and 7.33±0.05, respectively. Their average Wintrobe hematocrit was normal for the guinea pig, i.e., 38.5±4 ml/100 ml blood (11) . Oxgen saturation of the blood was calculated from the pH and P02 using the guinea pig 02 dissociation curve (12) . From the 02 saturation and the hemoglobin concentration (as derived from the hematocrit) the 02 content of hemoglobin was calculated. Since the animals were kept under constant ventilation and since 02 uptake remains unchanged during moderate hypoxia (13, 14) , an index of cardiac output was obtained directly from C(a-V)o.-. To support this contention on 02 uptake in the guinea pig, a subgroup of this group was similarly anesthetized, tracheotomized, and mechanically ventilated under identical conditions in order to measure 02 uptake, C02 production, and respiratory exchange ratio during hypoxia. The 02 uptake during normoxia averaged 2.7 ml/min+0.2 SE and during hypoxia, 2.6 ml/min+0.2 SE; respiratory exchange ratios were 1.04 and 1.03, respectively (n = 8).
This subgroup w-as also used to measure the pressurevolume characteristics of the guinea pig lung during hypoxia.
Utilizing tracheal pressure during mechanical ventilation and tidal volume, pressure volume diagrams were examined under identical conditions of normoxia and hypoxia. Hypoxia caused no alteration of airway resistance and a slight increase in total thoracic compliance, i.e., from 0.52 to 0.57 ml/cm H20 (n = 15).
The identical surgical preparation was used for the second group, which was prepared 24 hr beforehand by injecting 5-10 uCi of histidine-'4C (Nuclear-Chicago Corp., Des Plaines, Ill.: universally labeled) which could be expected to be decarboxylated to histamine-L-'4C (15) . Arterial and 
RESULTS
Effect of hypoxia on distribution and granulation of mast cells. The effect of alveolar hypoxia on the distribution and granulation of pulmonary mast cells is shown in Table I 57% in hypoxic lungs; in the smaller vessels, the increase was from 31% during control to 53% during hypoxia.
The relatively high values of 38 and 31% for maximal degranulation in the control groups are consistent with variations in the plane of sections and the fixation by formalin, as previously observed (16, 17) , and do not necessarily mean that considerable degranulation of cells is normally present.
Effect of hypoxia on rat peritoneal mast cells. The upper portion of Table II (nonaerated suspensions) compares the histamine content of freshly extracted and centrifuged specimens of rat peritoneal mast cells. As indicated, a freshly extracted suspension contains no more histamine (0.94±0.18 og/ml) than the sum of both sedimented cell and supernate after a 10 min centrifugation (1.01±0.39 Ihg/ml). Within the centrifugate, the cells contain about two-thirds of the total histamine present. Aeration did not significantly reduce the total histamine in specimens swirled in tonometry flasks, nor was the distribution of histamine between cells and (1) A rise in left ventricular histamine-14C from normoxic to hypoxic periods is significant by nonparametric sign test (P < 0.001) and the difference of 80 cpm between the two periods is significant by paired Student's t test (P < 0.02). ( 2) The histamine-14C cpm during hypoxia was significantly higher in left ventricle compared with right ventricle by nonparametric sign test (P < 0.001) and the difference of 73 cpm was significant by paired Student's t test (P < 0.02). supernate affected. However, equilibration with hypoxic gas produced a marked and significant redistribution of histamine from cells into supernate; the histamine concentration during hypoxia averaged 53% in the supernate compared with 34% during control conditions. The 02 uptake of the isolated mast cells as a function of the various imposed 02 tensions is shown in Fig. 2 . The data indicate that Os uptake is directly related to Po2 (between Po2 of 20-140 mm Hg) and approaches zero as the Po. approaches 0 mm Hg. It is thus similar to previously described behavior of mast cells (18) . The viability of the cells after exposure to a low ambient Po2 is supported by the increasing 02 consumption when the same cell population is re-equilibrated with an increasing Po2. Histamine release from the lung of hypoxic guinea pigs. The results of the separate hemodynamic studies determining the effects of alveolar hypoxia in the guinea pig are shown in Table III . Hypoxia caused an increase in pulmonary artery pressure in all cases while decreasing cardiac output (inverse of C(a-v0o2) in 6 of the 10 experiments. These increases in mean pulmonary artery pressure (averaging 1.7 mm Hg) were converted to an index of pulmonary vascular resistance by utilizing the inverse of the C(a-vo,; the average increase in this index with hypoxia was 45%. Table IV com-pares left and right ventricular differences in histamine-"C before and during hypoxia. A wide difference in control values for labeled histamine is present because of the deliberate use of varied doses of precursor histidine-'C. During room air breathing, no significant difference occurred between the average histamine content in left (150 cpm) and right (138 cpm) ventricular blood. During hypoxia, the histamine-"C levels in left ventricular blood emanating from the lung increased significantly over control levels (150 to 230 cpm, P < 0.02 by paired Students t test); the histamine-"C levels of the right ventricular blood draining the systemic circulation rose also during hypoxia (138 to 157 cpm. P < 0.001 by nonparametric sign test). Table IV is the relation between histamine-"C and total "C radioactivity in the acid soluble fraction of blood (i.e., before extraction by n-butanol). The histamine-"C accounted for 52% of the total 14C radioactivity during the control period and 82% during the hypoxic periods, indicating that the bulk of the radioactivity increase in the acid-soluble fraction of blood during hypoxia was due to histamine release.
Not shown in
The relationship between the release of histamine-"C from the lung and the rise in pulmonary artery pressure during hypoxia in the guinea pig is shown in Fig. 3 .
Each point relates the lercentile increase in pulmonary arterial pressure to the percentile increase in left ventricular histamine-"C content during one or more hypoxic periods in 10 animals. The average increase in histamine-"C was 45±+6% and the accompanying average percentile increase in pulmonary arterial pressure was 26.5±1-3%. These increases were significant at P levels of 0.05 and 0.02, respectively. A linear relationship is al)l)arent between the two variables, w7ith a correlatioln coefficient of 0.65 (P < 0.01 ).
DISCUSSION
The present study on rats and guinea pigs has demonstrated that: (a) pulmonary vessels of 50-500 A diameter witlh a well-defined muscular media have a predictable distribution of mast cells within the adventitia; (b) such pulmonary mast cells are degranulated in vivo during alveolar hypoxia; (c) lhypoxia causes mast cells isolated fronm the peritoneal cavity to release histamine and possibly other humoral agents in an in vitro situation; and (d) histamine is released by the lung of intact guinea pigs during alveolar hypoxia, with the rise in pulmonary arterial pressure during this period proportional to the amount of histamine released. These data deserve discussion from several points of view.
The localized clustering of mast cells around pulmonary vessels has been noted (19) . The present study ainalyzed their distribution with respect to vascular dianieter-and snmooth nmuiscle thickness: in accordance with the definition of von Hayeck (20) The present data indicate that histamine is releasedl during hypoxia from mast cells harvested from the peritoneal cavity of rats and which are therefore independent of all other neural or lhumoral influences. Mforeover, as indicated by the oxygeni consumption data, the cells survive even after the release of histamine. These (lata are consistent with the release of hiistamine and other vasoactive agents as an energy-requiring step, which call be inhibited by total lack of oxygen (23) but carried on at environmental 02 tension as low as 21 mm Hg (18, 24) . Thus, from these data, the mast cell of the lung seems to fall within the general concept of a chemoreceptor cell, like that of the carotid body cells, in that: (a) it releases an active transmitter-substance when the environmental Po2 falls (25) , and (b) its drop in 02 consumption during mild hypoxia indicates a high critical P02, which would result in alterations of intracellular metabolism and consequent release of a transmitter in some proportion to the degree of hypoxia.
Although release of histamine or other substances from the lung has been noted during hypoxia previously (26) , the present isotopic-labeled techniques permitted a more precise analysis of the amount released and the establishment of a relationship between the amount of histamine found in the left ventricular blood and the associated rise in pulmonary vascular resistance. The smaller increase during hypoxia of labeled histamine in the mixed venous blood, even though mast cells are widely distributed in the tissue of the guinea pig (7), may be a result either of (a) rapid degradation of both pulmonary and systemically released histamine (27) or (b) a lower capacity of tissues other than the lung to release histamine (28) .
Mast cells contain a large niumiiber of vasoactive agenits (7), of which histamine is but one major constituent; in view of this, h.istamine was chosen as an indicator of mast cell degranulation and release of humoral agents with the reservation that it need not be the mediator, or the only miiediator, of the pulmonary vasoconstrictor resl)ponse to hypoxia. The role of histamine and of other possible pulmonary vasoconstrictors contained in the mast cell in the continuation of the pulmonary pressor response to hypoxia long after it has begun -is uncertain from the present study. The maintenance of this response may involve an increase in the rate of synthesis of these substances by the partially degranulated mast cells so that a new steady state of increased synthesis, decreased storage pool in cellular granules. and increased release of vasoconstrictor substances is established during hypoxia.
The failure to observe bronchoconstriction as a counterpart to the vasoconstriction during alveolar hypoxia is attributable in part to the far fewer numbers of mast cells seen around the periphery of bronchi in the present histological sections. Bronchoconstriction might also be prevented if the per.ibronchial mast cell enjoyed higher environmental 02 tensions than the perivascular mast cell: the former has access to 02 sources composed of insl)ired air, alveolar air, and bronchial (systemic) arterial blood, all of which give an average P02 higher thani is likely near the mast cell around the pulmonary arteries, which sees 02 sources only in the alveolus on one hanid, and within the pulmonary artery (mixed venous), on the other.
